Wastewater treatment plant biosolids in two states, With No Treatment (WNT) and Ashes (A), were added to ceramic paste for brick manufacturing. The elements were cooked at three different temperatures (950°, 1000° and 1050°C) and the percentages of the content Clay-Biosolid WNT and Clay-Biosolid A, were 0, 5, 10 and 15%. Bricks manufactured with 15% ashes at 950°C were found to have a resistance to compression close to 26 MPa, meeting the Colombian Technical Norm 4205 (NTC) for structural and non-structural masonry of internal use and closing or divisory walls that support their own weight. We carried out a chemical, structural and thermic characterization of the raw materials that were used (clay and biosolid). We also performed a leaching test (TCLP) to evaluate toxicity characteristics to determine the safety values for heavy metals (Cr and Zn) in the biosolid. By meeting the requirements indicated in NTC 4205, we proved that the total percentage of biosolid that can be used as an addition in construction materials such as bricks is at least 15%, representing a substantial positive impact on the environment. These results open the path to the proposal of even larger percentages of ceramic paste replacement.
Introduction
The function of wastewater treatment plants is to clean the water used in homes, factories, supermarkets, etc., before discharging it into water sources that are part of the ecosystem to which they belong. Through physical, chemical and biological processes, the decontamination of the residual liquid is achieved and as a byproduct of this process biosolids are obtained. Biosolids are defined in Colombia in Decree 1287 of 2014 [1] as: "The product of the stabilization of the organic fraction of the sludge generated in the treatment of municipal wastewater with physical, chemical and microbiological characteristics that allow their use." (Translation from the Spanish original)
Large quantities of this material are produced, and due to the quantity of nutrients and organic matter it possesses, one of its most common uses is as fertilizer in agriculture or as soil improvement. Despite the potential benefits that could be generated, the process is being abandoned due to the health and environmental problems that the toxins in sludge can generate [2] . Landfills are an easy and common alternative for disposing of sludge or biosolids. However, they can result in technical and environmental problems due to the characteristics of the material. First, its high hydrogen content is absorbed by plants and easily leached and mobilized, thus generating eutrophication and pollution in aquifers [3] . In addition, a landfill requires large areas for disposal or the occupation of available land.
These biosolids are creating environmental problems due to 4 basic types of pollutants: 1) Metals, because of their potential to accumulate in human tissues and their biomagnification; 2) Nutrients and organic matter, due to their eutrophication potential in groundwater and surface waters; 3) Organic contaminants, because of their lack of clarity in the ecotoxicology role on soil-plant-water systems; and 4) Pathogens, due to the presence of bacteria, viruses, protozoa, flukes, tapeworms and nematodes [4] .
Currently, Colombian government policies are promoting the increase of discharge treatment levels in municipal sewerage systems. This translates into an increase in the waste or byproducts (sludge or biosolids). Colombian Decree 1287 of 2014 [1] considered some alternative uses for biosolids, based on their category and classification. Among the suggested uses, the decree suggests their use as an input in the manufacturing of building materials. In this study, we evaluate the use of biosolid and biosolid ashes from the El Salitre wastewater treatment plant in Bogotá as raw material for brickmaking. As evidence justifying the choice of our source material we should mention the following: the wastewater treatment plant treats 4 m3/s of wastewater, approximately 4,950 tons of biosolids are generated per month [5] and there has not been an evaluation on its alternative uses in construction materials [6] .
The field of construction materials may be a viable alternative in order to give more value to sludge or biosolids. Much prior research has been conducted, for example [7] incorporated ashes from burning sewage sludge to ceramic slurry to produce bricks. Among the results that stand out we find a lower rate of plasticity and drying shrinkage, which results in better-quality elements. Elements with up to 50% ash inclusion meet the required resistance to compression. The authors in [8] made bricks by incorporating dried mud from a wastewater treatment plant as raw material; the goal was the technical and environmental evaluation of the manufactured items. From the results obtained, we can observe an inverse relationship between the resistance to compression and the percentage of incorporation of sludge. The values obtained in the study allowed the classification of bricks as building material suitable for use in engineering. Regarding the environmental evaluation, the TCLP test was performed, which showed that the level of leaching of metals is low, and the amounts of Cr (total)
The authors in [9] evaluated the technical feasibility of using biosolids from wastewater treatment plants in a metropolitan area of Chile as a partial replacement for clay used for brick manufactoring. The authors proposed 3 biosolid states for such replacement: 1) biosolids from zone 1, 2) biodrying biosolids and 3) solar-drying biosolids. The manufactured items are cooked between 950° and 970°C. The results show that the use of biosolids in brickmaking is technically feasible. They obtained items with a resistance to compression of up to 9.2 MPa, meeting the standards for norm NCh 169 of 2001 for a category 3 brick. Finally, in order to obtain better results the study suggests the adjustment and control of key process variables such as cooking curves.
In their research, [10] present a characterization of ashes produced from the incineration of sewage sludge, and evaluate the alternative of recycling them for construction materials such as bricks (as partial replacement for clay). The research results show benefits such as the increase in resistance to compression of the elements made of ash in comparison with those not containing ashes.
The aforementioned brought about the research that led to this article, the main objective of which was to evaluate from a technical point of view the alternative of using biosolids With No Treatment (WNT) and Ashes biosolids (A) as input materials in manufacturing construction materials such as bricks. To achieve this purpose, we prepared the Clay-WNT and Clay-A mixtures with replacement percentages as follows: 100% Clay -0% WNT (A), 95% Clay -5% WNT (A), 90% Clay -10% WNT (A), 85% Clay -15% WNT (A). For each group we manufactured 5 elements for testing resistance to compression, and manufactured a total of 40 bricks. The characterization of the mechanical properties was carried out under the guidelines of the NTC 4205 and NTC 4017 standards.
Materials and Methods

Raw Materials
For brickmaking we used clay (Cl) from the company El Oasis, a brick company located in Boyaca, Colombia. The biosolid was collected from the El Salitre wastewater treatment plant (in Bogotá) and the ash was obtained by burning the biosolids to temperatures of over 550°C in a furnace for manufacturing ceramic elements.
Characterization of raw materials
The particle size of the biosolids was obtained from historical monitoring records conducted in the El Salitre wastewater treatment plant and supplied by the plant under an agreement with Santo Tomás University. The clay was physically characterized by determining its granulometric composition, specific gravity and natural moisture.
Additionally, we used the following test on ClayBiosolids: Chemical composition (OXFORD Energy Dispersive Spectroscopy test -EDS), probe connected to a JEOL Scanning Electron Microscope Reference 5910 JSM, Mineral composition (X-ray diffraction -XRD) in a PANalytical X-ray diffractometer, reference X'Pert PRO MPD with a PixCell detector and a Cu tube with a wavelength of 1.5406 Å.
Process Variables
Size and Dosage
The properties of the ceramic elements depend heavily on the size and distribution of the particles of the raw materials. The particle size affects properties such as plasticity, porosity, specific gravity, homogeneity, permeability and penetrability [11] [12] . The raw materials (Cl -WNT -A) were subjected to a grinding process or downsizing by selecting particles between 70 µm to 1 mm (material that goes through any sieve No. 18 to No. 200). The dosage of the materials was performed on the mixtures by weight and their homogenization was done manually.
Molding
The ceramic elements were molded based on NTC standard 296 (modular dimensions of ceramic bricks), at a rectangular shape with a length of 100 mm, a width of 50 mm and a height of 50 [13] . We also used the uniaxial pressing technique, applying an effort of 60 kgf / cm 2 .
The humidity content in the mixture is a control variable in the brickmaking process. For fixation, we performed the standard proctor compaction test with the biosolids [14] Table 1 shows the average of the humidity obtained for each of the mixtures. Finally, all ceramic elements were manufactured with a humidity of 19%. 
Drying
Bigot curves were constructed in order to demonstrate the effect that including biosolids in the ceramic mixture had and in order to control the drying process. For mixtures of clay and biosolids, we evaluated the evolution of shrinkage and weight loss during the drying phase at 60°C.
Cooking
For the cooking process we applied the curve shown in Figure 1 [15], with 3 temperature ramps and a rate of increase of 5°C/min each. The first ramp goes up to 105°C and was maintained for 120min in order to evaporate the remaining humidity of the drying process. The second ramp reaches 600°C, and was maintained for 120min. In this phase the organic matter in the ceramic paste decomposes. Finally, we reached the cooking temperature (950-1000-1050°C) and kept it for 180 min. Afterwards we allowed the muffle to cool down to reach room temperature. 
Quality of the items manufactured
The quality of the manufactured items was determined based on technical standard NTC 4205 [16] Resistance to compression was evaluated according to the methodology established in technical standard NTC 4017 [17] .
Methods
Characterization of Raw Materials
Particle Size Analysis
The particle distribution of the fine fractions of the clay was determined by the hydrometer method of particle size analysis according to the standard [18] With these results we established the percentages shown in Table 2 . Source: [5] With the percentage of fines obtained (clay, silt and sand), clay is classified as a clayey material rich in fine particles (colloids) of plastic behavior in wet states and as a hard and tough material in dry states. The content of sand, silt and clay in the biosolid can be seen in Table 3 . This information was provided by the El Salitre wastewater treatment plant, the entity that performs tests on agronomic parameters with the purpose of use in soils [5] . According to the soil classification system of the United States Department of Agriculture (USDA), biosolids is a sandy loam material in texture, with a high sand content, but with enough silt and clay to have some cohesion [19] .The result reveals that the biosolid is a material with degreaser potential within the mixture or the ceramic paste, which would translate into a decrease in plasticity.
Chemical composition
The clay selected for the mixture has the chemical composition shown in Table 4 , which makes it suitable for use as raw material for the manufacture of ceramic materials. The high silicon dioxide content (74%) in the clay is an indication of a low percentage of shrinkage in the elements. The chemical composition of biosolids is typical of its origin; it is a material with high organic content (high A -46.02%). The clay used corresponds with a material high in quartz and kaolinite mineral content, which makes it suitable clayey material for the manufacture of traditional ceramic parts and construction materials with medium to high specifications (bricks, tiles, masonry, among others). With the low iron oxide content (Goethite), light brown coloring elements can be obtained.
Biosolids can then be said to be a favorable material with positive cementation features for the construction industry. This is based on the content of mineral phases like gibbsite and Calcite (≈20%).
Table 5
Mineral compositions detected in the raw material samples.
The percentage of quartz (SiO2) found confirms the hypothesis for its use as a degreaser material, and finally, the presence of kaolinite at 9.9% suggests possible applications in ceramic bricks, since it promotes sintering by being thermally activated [20] .
If the chemical and mineral composition of the two materials (clay and biosolids) are observed, enough aluminum-silicate phases are detected to, at high temperatures (higher than 1000°C), potentially form phases such as corundum or mullite, which are very stable and hard ceramic products (compact).
Drying
In order to have greater control in the drying phase of the brick manufacturing process, we created items with different percentages of biosolid inclusion. The purpose of this procedure was to demonstrate the evolution of drying shrinkage and to propose a suitable method for achieving this. Figure 1 shows the Bigot curves. Here we observe that the maximum contraction was 7.1% and it appeared in items that were manufactured with 100% clay -0% biosolids. Minimal shrinkage was obtained for the elements made from 85% clay and 15% biosolids, at 3.5%. The results show that the incorporation of biosolids into the ceramic paste decreases the drying shrinkage of the ceramic elements, which reinforces the hypothesis regarding the non-plastic and degreaser nature of biosolids. The results demonstrate that biosolids reduce the plasticity of ceramic pastes and thus the contraction that can be generated in the drying process. This is a very positive effect because it reduces the risk of the occurrence of cracks and deformations in the ceramic prism.
Regarding the weight loss of the elements, the results reveal that in the drying process the water used in forming the ceramic paste is eliminated. All elements made with different percentages of biosolids lose between 17% and 18% in weight, while the remaining 1% belongs to the crystallographic water, chemically bound to the mineral crystals that shape the clay body.
By looking at the Bigot curves, the minimum amount of time to achieve the critical humidity point was determined to be approximately 240 minutes (4 hours), time in which the contraction of the elements reaches its maximum value. Based on the results described above, the drying of the elements was performed in three stages. In the first stage, we aim for the partial removal of the surface humidity by drying the atmosphere for a period of 12 hours. The second stage took place in an oven for 12h at 60°C. Subsequently, the third drying stage is reached by increasing the temperature up to 105°C in order to achieve a suitable item, ready for being subjected to the different cooking temperatures.
Quality of the manufactured items
Fired clay masonry units must comply with the minimum resistance to compression specified in the NTC 4205, when being tested according to standard NTC 4017. The standard NTC 4205 requires a resistance to compression of 14 MPa for nonstructural masonry units and of 20 MPa for structural masonry units. In Table 6 Only the group (1050°C -5%) meets the requirements for use as structural masonry. Elements made with more than 5% of WNT do not meet any of the limits established in the standard for use in structural and non-structural masonry.
The results in Table 6 indicate that resistance depends mainly on the amount of ashes in the brick and the cooking temperature. The optimum amount of ash that can be mixed with clay to make good-quality bricks is 15% by weight at a cooking temperature of 900°C. With this configuration we achieved resistance near 27 MPa. These elements can be used as structural and non-structural masonry, according to the NTC 4205.
The behavior of elements made from ash (A) in Figure 3 is in line with [21] . In this case the ash acts as a fluxing agent, reducing the sintering temperature and it improves the resistance to compression due to its iron and calcium content.
Conclusions
The results of this study have shown that biosolid ash can be included as a substitute for clay in making quality bricks. Biosolids (WNT or A) can be used as degreaser material in the production of bricks, thus helping to minimize the risk of generating cracks and deformations in the brick during the drying process. The content of gibbsite and calcite found in biosolids make this residue a cementation material suitable for possible inclusion as a raw material in obtaining materials in the construction sector. Ash acts as a fluxing agent, reducing the sintering temperature, and improves the resistance to compression due to its iron and calcium content.
The results of the compression resistance tests indicate that resistance depends on the amount and form of replacement material inclusion and its cooking temperature. The replacement of WNT biosolids does not allow for obtaining quality elements that satisfy the requirements of the standards.
The optimum amount of ash that can be mixed with clay to make good quality bricks is 15% by weight at a cooking temperature of 900°C. With this configuration we reached resistance close to 27 MPa. We demonstrated that with a good combination of the cooking temperature and the percentage of addition of biosolid ash, the property of resistance to compression increases compared to elements made with 0% of A. It is thus possible to conclude that biosolid ash can be used as an input for the manufacture of construction materials that meet the requirements in NTC 4205 for structural and nonstructural masonry.
